SUMMARY The catecholamines, dopamine, norepinephrine, and epinephrine, have been found in brain regions associated with cardiovascular regulation. We wished to determine whether central catecholaminergic neurons participate in the reflex alterations of cardiac autonomic nerve traffic associated with acute myocardial ischemia. Five groups of rats treated with a-methyltyrosine, an inhibitor of catecholamine biosynthesis, were examined. The experimental interventions included left coronary artery ligation, ligation with the left ventricle painted with lidocaine, ligation and bilateral cervical vagotomy, sham operation, and sham operation plus vagotomy. An untreated group of resting rats was also examined. Dopamine, norepinephrine, and epinephrine were measured 90 minutes later in thoracic cord, cerebellum, pons medulla, midbrain, posterior and anterior hypothalamus, thalamus and frontal cortex. Norepinephrine turnover was increased in thoracic cord, pons medulla and posterior hypothalamus, and dopamine turnover was increased in posterior hypothalamus in the ligated rats relative to those subjected to sham operation. These increases were abolished by topical lidocaine or vagotomy. The turnover of all three catecholamines was increased in anterior hypothalamus in both ligated and Udocaine-treated rats, but not in vagotomized animals. Thus, there is a reflex activation of noradrenergic nerves in the posterior hypothalamus, pons medulla, and thoracic cord (bulbospinal fibers), and of dopaminergic nerves in the pons medulla after left coronary artery ligation in the rat. This reflex arises from receptors in the ischemic ventricle and the afferent limb is in the vagus nerve. Coronary artery ligation also activates catecholaminergic nerves in the anterior hypothalamus; the afferent signals travel in the vagus but do not appear to originate in the ischemic ventricle.
THE predominant cause of sudden death in patients with coronary artery disease is ventricular fibrillation (Pantridge et al., 1975) . Studies directed toward the amelioration of this problem have led to recognition of the importance of ischemia-induced cardio-cardiac autonomic reflexes in determining the propensity of the acutely ischemic heart to malignant arrhythmias (Lown and Verrier, 1976; Corr and Gillis, 1978) . These reflex signals arise in receptors in the ischemic ventricle (Thoren, 1972; Uchida and Murao, 1974) and are conducted by unmyelinated and myelinated vagal (Constantin, 1963; Kolatat et al., 1967; Bishop and Peterson, 1978) and sympathetic afferents (Brown, 1967; Malliani et al., 1969) to be integrated in the central nervous system. The resultant inhibitory or excitatory efferent signals are carried by vagal and sympathetic nerve fibers, respectively (Constantin, 1963; Malliani et al., 1969; Bishop and Peterson, 1978) .
The identification and localization of brain neurotransmitters that participate in the integration of ischemia-induced alterations in cardiac autonomic nerve traffic should be important in the development of future therapeutic strategies. In an earlier study , we demonstrated a reflex inhibition of bulbar and posterior hypothalamic serotonergic nerves by left ventricular receptors following acute coronary artery ligation in the rat. Blatt and coworkers (1979) demonstrated a reduction in vulnerability to ventricular fibrillation in the normal heart of the anesthetized dog following pharmacological maneuvers designed to increase central serotonergic activity. As brain catecholamines have been closely associated with the regulation of cardiovascular function (Chalmers, 1975; Antonaccio, 1977) , we performed the present experiments to determine whether brain neurons that use dopamine, norepinephrine, or epinephrine as their neurotransmitters are involved in the cardiac afferent pathways activated by acute myocardial ischemia.
Methods
Six groups of seven male rats were examined in each experiment. The rats were allowed at least 1 week to acclimatize to our laboratory animal facility after delivery from the breeder (Canadian Breeding Laboratories Ltd.). A 12-hour-light, 12-hour-dark cycle was maintained in the animal housing area. The rats were allowed water but deprived of food for approximately 20 hours prior to the experiment. The experiments were performed from 10 a.m. to 2 p.m.
The rats were anesthetized with enflurane (Ethrane, Ohio Medical Products) administered by vaporizer. a-Methyltyrosine methyl ester hydrochloride (Aldrich Chemical Co.), 200 mg/kg, an inhibitor of tyrosine hydroxylase and hence of catecholamine biosynthesis (Brodie et al., 1966) , was given to each rat by intraperitoneal injection. The heart was exposed by left thoracotomy. The six groups of rats were as follows: (1) sham rats, in which the proximal portion of the left coronary artery was exposed and a suture needle passed under it and removed; (2) ligated rats, in which the proximal portion of the left coronary artery was exposed and a suture passed under it and tied; (3) lidocaine-ligated rats, in which 2% lidocaine hydrochloride was administered topically to the left ventricle only, by means of a sterile cotton swab: the left coronary artery was then ligated; (4) vagotomy-sham rats, in which a bilateral cervical vagotomy was performed prior to sham ligation; (5) vagotomy-ligated rats, in which a bilateral cervical vagotomy was performed prior to left coronary artery ligation; and (6) basal rats, in which the rats were subjected neither to a-methyltyrosine nor anesthesia and thoracotomy.
Ligated and sham-operated rats, not treated with a-methyltyrosine, also were examined in a separate experiment to evaluate whether any changes in the steady state levels of brain catecholamines could be induced by ligation alone in the absence of tyrosine hydroxylase inhibition.
After completion of the surgical procedure, the thorax was closed and the pneumothorax was removed by direct hypodermic aspiration. The entire surgical procedure took less than 5 minutes. Animals were ventilated for a further 3 minutes and then were allowed to recover spontaneously, undisturbed; they were awake approximately 10 minutes after ligation and were left unrestrained in their original, preoperative cages, with free access to water. The rats were decapitated 90 minutes after ligation or sham ligation. The thoracic cord and brains were carefully removed, chilled, and cleaned. The brains were immediately dissected on an iced glass plate into seven regions: pons medulla, cerebellum, midbrain, thalamus, frontal cortex, posterior, and anterior hypothalamus. The dorsal and frontal plane of the hypothalamus was defined by the anterior commissure. The hypothalamus was divided into anterior and posterior divisions by coronal transection at the pituitary "dimple." The coronal cut defining the caudal aspect of the posterior hypothalamus (at the mamillary bodies) was extended dorsally to separate "thalamus" from "midbrain." The rest of the coronal and saggital plane sectioning was similar to that described by Glowinski and Iversen (1966) . The tissues immediately were frozen on dry ice, weighed, and homogenized in approximately 30 volumes (wt/vol) of iced 0.1 N perchloric acid with a Polytron homogenizer (Brinkman Instruments). The homogenate was left on ice for 15 minutes and then centrifuged at 4° for 30 minutes at 30,000 g.
The homogenate supernate was assayed for dopamine, norepinephrine, and epinephrine by the radioenzymatic method of Sole and Hussain (1977) with minor modifications. Catechol-O-methyltransferase (COMT) was purified in batches from rat liver (Sole and Hussain, 1977) . Benzyloxyamine (Obenzylhydroxyamine, Aldrich Chemical Co.) was used to inhibit contaminant aromatic amino acid decarboxylase in our partially purified preparation of COMT (Peuler and Johnson, 1977; Sole and Hussain, 1977) . The optimum concentration of the benzyloxyamine must be determined by titration against COMT when a new batch of enzyme stock is prepared. As much as 0.15 ;umol benzyloxyamine has been required for some COMT preparations. Fifty microliters of the homogenate supernate were incubated with 20 /xl of a mixture containing the following components: 100 /ig of dithiothreitol, 1.12 /itmol of MgCl 2 , 28 /xmol of Tris-HCl buffer (pH 9.6), 0.2 jitmol of ethylene glycol bis(yS-aminoethyl ether) -N,N'-tetraacetic acid (EGTA), 0.02 jumol of pargyline hydrochloride, 0.01 jumol of benzyloxyamine, 6 /il of COMT, and 0.5 juCi of S-[ 3 H-methyl]adenosylmethionine (11.0 Ci/jiimol, New England Nuclear). The catecholamines were converted to their Omethylated tritiated derivatives. The reaction was stopped by the addition of borate buffer of the following composition: 31.4 g boric acid per liter of water plus 55 ml 10 N NaOH and then saturated with NaCl, adjusted to pH 10 with boric acid powder, and then saturated with redistilled butanol. The O-methylated derivatives were purified by solvent extraction, dried, reconstituted in acidified ethanol, and isolated by one-dimensional, silica gel, thin layer chromatography. The spots containing the isolated derivatives were scraped directly into scintillation vials containing Multisol (Isolab) for counting by liquid scintillation. The addition of 1.5 mg dithiothreitol (Sigma Chemical Co.) per ml to the ethanol used in the reconstitution step obviated any amine oxidation induced during the spotting of the thin layer plates.
Norepinephrine was also measured in left and right ventricles, atria, and descending aorta in all but the vagotomized animals.
As a result of an initial study, we formulated the hypothesis that there is a ligation-induced increase in norepinephrine synthesis in the thoracic cord and posterior hypothalamus and in norepinephrine and dopamine synthesis in the pons medulla mediated by receptors in the ischemic left ventricle. We also postulated an increase in the synthesis of all three catecholamines in the anterior hypothalamus-this signal arising from receptors outside the ischemic ventricle. To test these hypotheses, we VOL. 47, No. 2, AUGUST 1980 
Results
The levels of dopamine, norepinephrine, and epinephrine in the brain regions of ligated rats, not treated with a-methyltyrosine, were identical to those of their sham-operated cohorts (Table 1) and to those recorded as steady state levels in unanesthetized basal rats (Tables 2 and 3 ; Fig. 1 ). Following inhibition of catecholamine synthesis by amethyltyrosine, the expected decline in regional catecholamine stores was observed. The loss of norepinephrine in ligated rats, relative to their sham-operated cohorts, was increased in the thoracic cord, pons medulla, and posterior and anterior hypothalamus (Fig. 1) ; dopamine loss was similarly increased in the pons medulla and anterior hypothalamus (Table 2 ). An increase in epinephrine loss was observed in the anterior hypothalamus alone (Table 3) .
Vagotomy completely obviated the ligation-induced increase in catecholamine turnover in all of the affected brain regions ( Fig. 1 ; Tables 2 and 3 ). The topical administration of lidocaine to the left ventricle of ligated rats was as effective as vagotomy in abolishing the increase, save for the anterior hypothalamus, where it failed to influence catecholaminergic activity ( Fig. 1 ; Tables 2 and 3) .
Coronary artery ligation significantly increased norepinephrine loss from the atria, ventricles, and aorta (Fig. 2) . The application of lidocaine did not affect the increase in norepinephrine turnover in the atria and right ventricle but restored the changes in the left ventricle to that seen following sham operation.
Discussion
The fall in catecholamine concentration after the administration of the tyrosine hydroxylase inhibitor, a-methyltyrosine, should not be taken as a literal numerical measure of norepinephrine synthesis rate. We examined a variety of brain regions to establish some neuroanatomical-neurochemical correlations; yet, these brain areas are comprised of several catecholamine pools, many of which are certain to bear no relationship to the cardiovascular phenomena under investigation. Indeed, some of these pools may obscure the response of particular neural loci of interest. However, the fall in brain catecholamine stores following synthesis inhibition can be shown to vary appropriately with neural activity (Anden et al., 1966; Grabowska and Anden, 1976) ; thus a comparison of regional decline between different experimental groups should provide a valid relative assessment of catecholamine turn- 14 ± 1.4 25 ± 1.5 32 ± 2.1 111 ± 11 293 ± 20% 167 ± 7.6 20 ± 0.6 3.5 ± 0.3
Results are expressed as mean ± SEM. Dopamine levels which exhibit significant differences from those of other groups are italicized. * Basal values represent steady state levels of dopamine in untreated rats from which levels fall after synthesis inhibition. Results are expressed as mean ± SEM. Epinephrine levels which exhibit significant differences from those of other groups are italicized. * Basal values represent steady state levels of epinephrine in untreated rats, from which levels fall after synthesis inhibition. t P < 0.05 vs. sham and vagotomy groups.
over, a biochemical index of mean catecholaminergic neuronal activity.
We found an increase in the turnover of all three catecholamines in the anterior hypothalamus, both dopamine and norepinephrine in the pons medulla, and norepinephrine alone in the posterior hypothalamus and thoracic cord, in ligated rats relative to those subjected to sham operation.
The origin of thoracic cord norepinephrine appears to be noradrenergic neurons found in the pons medulla; these fibers descend in the lateral and ventral funiculi of the spinal cord to terminate in the intermedio-lateral columns of the thoracic and upper lumbar cord where they synapse with the cell bodies of preganglionic sympathetic nerves or related interneurons (Carlsson et al., 1964; Dahlstrom and Fuxe, 1965; Coote and MacLeod, 1974) . The noradrenergic fibers of the hypothalamus may originate in cell bodies found within the hypothalamus itself, but the majority of axons also appear to arise in the pons medulla ascending via the ventral and dorsal tegmental tracts and the median forebrain bundle (Palkovits, 1978) . Thus, our observed increase in norepinephrine turnover in the thoracic cord and, perhaps, in some areas of the hypothalamus represents an increase in the activity of bulbar noradrenergic perikarya. Hypothalamic dopaminergic and adrenergic nerves may be similarly localized; however, the relevant neuroanatomic pathways for the latter neurotransmitter are less well characterized.
Topical lidocaine prevented the increase in noradrenergic and dopaminergic activity induced by ligation in the posterior hypothalamus, pons me- dulla, and thoracic cord and restored values to those found in sham-operated animals. The administration of the local anesthetic was confined to the left ventricle. This assertion is supported by the norepinephrine turnover data from three heart regions; lidocaine did not affect norepinephrine turnover in atria and right ventricles but did inhibit the increase found in the left ventricles of ligated rats. The isolated effect of lidocaine on left ventricular norepinephrine turnover is explained most economically as an anesthetic effect limited to the nerves to which the anesthetic was locally applied, rather than as a centrally mediated change in focal efferent sympathetic activity. We can conclude, therefore, that the signal mediating the observed central catecholaminergic response arose from receptors in the ischemic left ventricle. The origin of the anterior hypothalamic response was not identified.
In an earlier study, we showed that coronary artery ligation in the rat decreased serotonergic activity in the medulla and posterior hypothalamus . The alteration in these central serotonergic nerves also could be abolished by the topical application of lidocaine to the left ventricle. Apparently a reciprocal relationship exists between the central serotonergic and catecholaminergic responses to acute myocardial ischemia.
Neural traffic arising from the acutely ischemic ventricle has been well studied in a variety of neuroelectrophysiological preparations. Following coronary artery ligation, the mechanical function of the ventricle deteriorates (Tennant and Wiggers, 1935) ; the resultant ischemic bulging and the accumulation of biochemical agents excites mechanoreceptors and chemoreceptors (Thoren, 1972; Uchida and Murao, 1974; Staszewska-Barczak et al., 1976) in the affected myocardium. Afferent signals are conducted by sympathetic (Brown, 1967; Malliani et al., 1969) and/or parasympathetic (vagal) fibers (Constantin, 1963; Kolatat et al., 1967; Bishop and Peterson, 1978) . The former are distributed to the spinal cord (Malliani et al., 1969; Brown and Malliani, 1971 ) and mediate both the sensation of cardiac pain (Foreman et al., 1978) and cardio-excitatory reflexes Schwartz et al., 1973) ; the latter are integrated primarily at medullary levels and appear to give rise to cardio-depressor vagal efferents (Constantin, 1963; Kolatat et al., 1967; Bishop and Peterson, 1978) . Vagotomy abolished the increases in catecholaminergic activity induced by ligation in the brain regions examined. Thus, the vagus clearly acted as the conduit of the afferent cardiac signal.
The participation of the vagus suggests that the post-ligation reflexes mediated by the increase in noradrenergic and dopaminergic neural activity in the thoracic cord, pons medulla, and posterior hypothalamus are cardio-inhibitory in nature. Further support for this suggestion is given by a previous study in which we showed that coronary artery ligation in the rat was accompanied by a transient relative bradycardia; this transient (under 10-minute) alteration in heart rate was rectified significantly by the application of lidocaine to the left ventricle. A bulbospinal noradrenergic pathway which is inhibitory to preganglionic sympathetic neurons has been described by Coote and MacLeod (1974) and Haeusler (1977) . Noradrenergic centers in the medulla which are sympathoinhibitory have been demonstrated by several laboratories (e.g., Phillipu et al., 1973; Antonaccio, 1977) . The hypothalamic projections of these catecholaminergic nerves would also be expected to be sympatho-inhibitory; indeed there is some evidence for cardio-depressor noradrenergic loci in the posterior hypothalamus (Struyker Boudier and Van Rossum, 1972) , particularly in the dorsal medial nucleus (Faiers et al., 1976; Camargo et al., 1979) . In general, however, stimulation of the posterior hypothalamus by norepinephrine evokes an excitatory sympathetic response (Phillipu et al., 1973; Antonaccio, 1977) . Bulbospinal noradrenergic facilitation of peripheral sympathetic excitation also has been described (Chalmers and Wurtman, 1971) . Clearly, different populations of catecholaminergic neurons in a given brain region may subserve opposing functions.
It was possible, of course, that some of our observed alterations in central catecholaminergic turnover post-ligation underlie responses distinct from direct effects on cardiovascular efferent autonomic fibers-for example, the mediation of appropriate neuroendocrine changes. Indeed, Constantin (1963) failed to modify cardio-inhibitory efferent autonomic activity in two of four cats following left anterior descending coronary artery ligation when the cats had been decerebrated by transection of the brainstem at the mid-collicular level; this study would seem to argue against the participation of the hypothalamus in the efferent depressor response.
The turnover of norepinephrine in the heart and aorta should mirror sympathetic tone to these regions. We were unable to evaluate the biochemical reflection of transient autonomic events (e.g., bradycardia) occurring in the immediate post-ligation period as the kinetics of peripheral norepinephrine turnover prevented a reasonable evaluation of such brief intervals. We were able to demonstrate an increase in norepinephrine turnover in the heart and aorta in the 90 minutes following coronary artery ligation. Lidocaine administration, although obviating the ligation-induced increase in brain catecholamine activity in all regions except the anterior hypothalamus, failed to alter norepinephrine turnover (except locally) in the heart or aorta. Thus, we were able to dissociate clearly the change in the posterior hypothalamus, pons medulla, and thoracic cord from the increase in peripheral sympathetic tone. It appears that, after coronary artery ligation, sympathetic excitation arises from other central pathways and overrides the efferent response to the continuing afferent vagal signal. A similar independence of cardiovascular sympathetic excitation, post-ligation, was shown in a study (Rotenberg et al., 1978) in which the effects of clonidine on the vulnerability to fibrillation in the normal and ischemic canine ventricle were examined. Clonidine is an agent which acts as a putative a-adrenergic agonist in the central nervous system to inhibit peripheral sympathetic tone by enhancing the effect of cardiodepressor signals carried by afferent vagal fibers (Antonaccio, 1977) . Clonidine, though presumably still centrally active, failed to inhibit the sympathetic excitation induced by left anterior descending coronary artery occlusion in the anesthetized dog. Feola and co-workers (1977) and Bishop and Peterson (1978) also have shown a predominance of sympathetic efferent activity under conditions in which both sympathetic and vagal afferent nerve traffic are increased. Studies by Haeusler (1977) suggest that such interaction may take place at spinal segmental levels. The data of both our current and previous studies Rotenberg et al., 1978) suggest that sympathetic excitation, post-coronary artery occlusion, is mediated by a neurotransmitter(s) other than serotonin and the catecholamines.
We conclude that there is a reflex activation of noradrenergic nerves in the posterior hypothalamus, pons medulla, and thoracic cord (bulbospinal fibers) and dopaminergic nerves in the pons medulla after left coronary artery ligation in the rat. The afferent limb of this reflex arises from receptors in the ischemic left ventricle and is conducted via the vagus. Coronary artery ligation also activates dopaminergic, noradrenergic, and adrenergic nerves in the anterior hypothalamus. The afferent limb of this signal travels in the vagus but does not appear to originate in the ischemic left ventricle.
